RNA chain elongation by RNA polymerase II (pol II) is a complex and regulated process which is coordinated with capping, splicing, and polyadenylation of the primary transcript. Numerous elongation factors that enable pol II to transcribe faster and/or more efficiently have been purified. SII is one such factor. It helps pol II bypass specific blocks to elongation that are encountered during transcript elongation. SII was first identified biochemically on the basis of its ability to enable pol II to synthesize long transcripts. (1) Both the high resolution structure of SII and the details of its novel mechanism of action have been refined through mutagenesis and sophisticated in vitro assays. SII engages transcribing pol II and assists it in bypassing blocks to elongation by stimulating a cryptic, nascent RNA cleavage activity intrinsic to RNA polymerase. The nuclease activity can also result in removal of misincorporated bases from RNA. Molecular genetic experiments in yeast suggest that SII is generally involved in mRNA synthesis in vivo and that it is one type of a growing collection of elongation factors that regulate pol II. In vertebrates, a family of related SII genes has been identified; some of its members are expressed in a tissuespecific manner. The principal challenge now is to understand the isoform-specific functional differences and the biology of regulation exerted by the SII family of proteins on target genes, particularly in multicellular organisms.
Introduction
Transcription by RNA polymerase II can be regulated at many points ranging from preinitiation complex formation through transcript termination. The elongation phase of transcription represents a dynamic process that varies depending upon the sequences transcribed. Growing evidence suggests that the composition of the elongation complex changes en route to the end of a gene and that it may include RNA processing machinery such as the capping and splicing enzymes. The complex must also navigate through chromatin and specific sequences that impede elongation.
Numerous eukaryotic transcription elongation factors have been purified and defined by using biochemical assays that monitor the stimulation of RNA chain elongation. (2) There are at least two ways that factors stimulate elongation in vitro. One is to increase the average elongation rate in a DNA sequence-independent manner. The other is to enable pol II to generate long RNAs from short ones after it has become arrested, a template-engaged but inactive state, or before it terminates transcription and is released from DNA. Two factors, ELL and Elongin, increase elongation rates and have been implicated in certain human genetic diseases. Two other factors, PTEF-b and SII (also known as TFIIS) enable pol II to synthesize long RNAs. PTEF-b is a protein kinase that promotes long transcript synthesis from the human immunodeficiency virus (HIV) long terminal repeat but may be involved in elongation on cellular genes. (3) SII is mechanistically distinct from other elongation factors in its mode of action, in that it facilitates RNA chain elongation by restarting an arrested polymerase via the activation of a nuclease intrinsic to pol II. Here we review SII protein and gene structure and function and discuss potentially fruitful lines of future work on SII regulation and biology.
Biochemical activities
SII is a zinc-containing nuclear protein of 35,000 Da. (1, 4) It contains distinct biochemical activities that can be measured in vitro. These include: stimulation of transcript elongation, binding to pol II, and activation of a nascent RNA cleavage activity in the pol II elongation complex. An interesting, albeit weak, nucleic acid-binding activity is evident in a truncated version of the protein. (5) 
Stimulation of elongation
SII was originally shown to stimulate purified pol II's ability to incorporate nucleotides into RNA in a nonspecific transcription assay using DNA of high complexity. (1) SII's role at the elongation phase of transcription had been suspected and was confirmed when promoterbased specific initiation on cloned DNA templates was reconstituted with fractionated general initiation factors. (6, 7) Semi-synthetic DNA duplexes, containing single strand extensions on one 3′-end, have also contributed to our understanding of SII function. These "tailed templates" allow pure pol II to start RNA chains at a single site without general initiation factors, and elongation can be monitored on any DNA sequence. (8) The development of these in vitro assays made it possible to follow a single round of transcription and a wave of synchronous elongation by pol II. It became clear that specific DNA sequences could arrest polymerase and that SII stimulated pol II's ability to escape from these "arrest" sites. A handful of such sites were identified when pol II was trapped at them in the absence of SII (9) (10) (11) or when the SII inhibitor sarkosyl, was used. (12) A consensus sequence for arrest sites has not been developed. A tract of thymidines in the nontemplate strand is a common, but not invariant, feature of arrest sites. Non B-DNA structure is important for the activity of a well-characterized site in a human histone gene but may not be part of all sites. (13) In addition to intrinsic DNA sequences, SII enables pol II to transcribe past DNA-bound protein and small DNA-bound drugs. (14, 15) Hence, the blocking agent or mechanism is not an important part of the signal for SII stimulation. Not all blocked polymerases are substrates for SII-mediated stimulation. SII is unable to stimulate readthrough of a cyclobutane pyrimidine dimer that stops elongation virtually completely. (16) SII is also unable to help pol II transcribe through nucleosomal or histone H3/H4-wrapped templates. (17, 18) This limitation to SII activity, discussed below, can be explained, at least in part, by our current understanding of its mechanism of action.
RNA polymerase II binding
Purified SII interacts with purified pol II by a number of assays including immunoprecipitation and centrifugation. (4, 6, (19) (20) (21) Binding is sensitive to ionic strength and the detergent sarkosyl. Use of native gel electrophoresis allowed the determination of an apparent K eq of 100 nM for yeast SII binding to yeast pol II. (22) SII has also been found in more complex forms of pol II thought to be initiating holoenzymes in vivo. (23) It is believed that a surface of pol II is sufficient to target SII to an elongation complex. A difference in affinity of SII for template-engaged versus free polymerase, however, has not been reported.
It is possible that the cryptic nucleic acid binding activity of the carboxy-terminal domain of SII (see below) contributes to the binding energy of the interaction. (4) 
Nascent RNA cleavage and readthrough
The cleavage of nascent RNA, with subsequent readthrough, is a unique feature of SII. It was revealed only after the advent of transcription systems in which elongation complexes could be assembled and then isolated from nucleotide substrates. In these systems, polymerase without SII remains active but is unable to elongate RNA chains. (24) (25) (26) (27) In the presence of SII and magnesium, the nascent transcript is cleaved near its 3′-end. Cleavage can be inhibited by α-amanitin, a pol II inhibitor. (24) (25) (26) A similar activity has been described for bacterial RNA polymerase and two functionally related proteins, GreA and GreB. (28) For bacterial and eukaryotic complexes, cleavage leads to transcriptional readthrough of arrest sites.
Nuclease activity is an intrinsic property of RNA polymerase but its rate is greatly stimulated by GreA, GreB, or SII. (29, 30) For arrested complexes, an oligonucleotide product is released from the RNA 3′-end. It has been inferred that the ribonuclease activity is carried out by the polymerization catalytic site itself. (30) No chemical or mutational evidence dissecting the cleavage and polymerization activities has yet been reported.
How does RNA cleavage result in readthrough? Cleavage precedes, and is an obligatory intermediate in, SII-mediated readthrough. (31) After cleavage, pol II remains associated with the template and transcript and the RNA is substrate for renewed elongation. (32) During arrest, polymerase's active site may lose contact with the 3′-end of the RNA. (24, 32, 33) An attractive model is that nascent RNA cleavage is carried out by the active site positioned at an internal phosphodiester bond. Hydrolysis presents a fresh 3′-hydroxyl group to the catalytic site, a prerequisite for polymerization. Most evidence is consistent with the idea that repeated rounds of hydrolysis and re-extension serve to increase the number of encounters of polymerase with an arrest site. Each encounter results in fractional readthrough of the site while the probability of arrest per encounter does not change. The efficiency of SII-independent readthrough is an intrinsic property of the particular blockage. After sufficient rounds of cleavage-resynthesis, all pol II eventually reads through the arrest site, as long as the site has a finite probability of readthrough. SII alone is unable to facilitate readthrough of complete blockages to elongation such as thymidine dimers; additional attempts at elongation after cleavage are fruitless when the blocking efficiency is 100% per encounter.
It has also been proposed that SII-activated nascent RNA cleavage plays a role in controlling the fidelity of transcription. (24) (25) (26) This idea was, no doubt, prompted by the extensive research on nuclease activities of DNA polymerases, whose main function is presumed to reverse misincorporation events by excising them as the daughter strand is made. (34) Indeed, it has recently been demonstrated that the SII-stimulated nuclease of pol II can remove misincorporated nucleotides in vitro. (35, 36) This function, however, is not necessarily wholly distinct from SII's role as a stimulator of elongation, since misincorporation by pol II leads to a slowed rate of addition of the next nucleotide to the RNA 3′-end. (36) Part of the signal for SII activation of the nuclease for proofreading could result from altered elongation rates and/or altered elongation complex conformation following misincorporation. (35, 36) SII activation of nascent RNA cleavage can be observed in elongation complexes other than those that are arrested or have misincorporated ribonucleotides. Typically, cleavage is not apparent in elongation-competent complexes because polymerization competes with cleavage and the former is the favored reaction at most template positions. RNA cleavage can be observed in vitro in nucleotide-starved complexes located at many template positions that are not arrest sites. It is, however, a slower reaction than an arrested complex and the oligonucleotide released from the 3′-end is usually a dinucleotide, not the larger oligonucleotides characteristic of the arrested complex. (37) (38) (39) This observation is taken as evidence of a structural distinction that typifies the arrested state and is manifested by a cleavage-ready polymerase.
Surprisingly, duplex DNA is not required for yeast pol II to carry out SII-stimulated nascent RNA cleavage. (40) This was seen in vitro for binary complexes formed between purified pol II and RNA. The RNA was bound tightly (K eq 40-100 nM) and served not only as a substrate for cleavage but as one for extension when NTPs were provided. The cleavage increment varied somewhat in these experiments, releasing fragments of one to three nucleotides as well as seven to eleven nucleotides. This and other evidence suggest that RNA structure may contribute to the susceptibility and position of cleavage. (40) It also shows that determinants of increment size are harbored within the protein and RNA, although the presence of a DNA template could certainly modify cleavage site selection. Nascent RNA cleavage is thought to be the critical step by which SII restores elongation competence to pol II. The activity of mutant RNA polymerase II and SII proteins, however, suggests that SII facilitates a conformational change in addition to activating cleavage. (40, 41) Yeast pol II lacking subunit 9 (pol II-Δ9) is relatively "arrest-resistant". Adding recombinant Rpb9 to pol II-Δ9 restores the arrest phenotype to that of wild-type pol II (41) Those pol II-Δ9 molecules that do become arrested are more refractory to reactivation by SII than wild type pol II. Nevertheless, the intrinsic cleavage activity of pol II and pol II-Δ9 are similar, which suggests that SII is required for another step in addition to that of activating nascent RNA hydrolysis. This extra step may be an SII induced conformational change in pol II that is also influenced by Rpb9. (41) Any such conformational change is stable and does not require NTPs, since complexes that have cleaved their RNA can restart chain elongation when SII is removed or inactivated. (27, 32) Nucleic acid binding SII may activate the polymerase's nuclease activity allosterically simply by docking with the enzyme. An important unresolved question, however, is whether SII accelerates catalysis through a more intimate interaction with the polymerase active site, the transcript, or the template. Full length SII binds nucleic acids poorly if at all. (4) A truncated recombinant derivative of human SII, which contains the carboxy-terminal 51 amino acids, a domain called a "zinc ribbon", binds with micromolar affinity to single-and double-stranded oligodeoxyribonucleotides, single-stranded oligoribonucleotides, and RNA:DNA hybrids (4, 5) (Fig. 1A ). This domain is reminiscent of that used by oligosaccharide and oligonucleotide-binding proteins in which solvent-exposed hydrophobic amino acids interact with RNA bases splayed across the sheet's surface. (42) Two adjacent amino acid pairs in this region, Arg-Trp and Asp-Glu, are important for SII's cleavage and elongation stimulating activity, suggesting both electrostatic and hydrophobic interactions between protein and nucleic acid. (4, 43) A preferred substrate for binding is polyribouridinylate, a common RNA sequence found at pause and arrest sites. (5) One model suggests that upon binding the polymerase, a conformational change in SII reveals this otherwise cryptic nucleic acid binding domain. SII contact with nucleic acids in the transcription bubble may be involved in positioning the scissile phosphodiester bond, facilitating product release, or even in contributing chemically active residues to catalysis. Proof of such an active role is lacking but the demonstration, by photocrosslinking, of contact between SII and the 3′-end of the nascent RNA in an arrested elongation complex is consistent with this idea. (44) A similar finding has been made for GreA in an E. coli elongation complex. (45) The following minimal set of ordered events is suggested for SII-activation of pol II: SII binds to arrested pol II, RNA polymerase hydrolyzes the nascent transcript at an internal phosphodiester bond, a conformational rearrangement follows (but may precede) cleavage, and nucleotide incorporation resumes. Multiple rounds of cleavage and resynthesis may be required for full readthrough, with more rounds expected for stronger arrest sites.
Protein structure
SII structure is best understood in the case of the yeast protein, which is composed of three domains (I, II, and III; Fig. 1A ) as determined by limited proteolysis and nuclear magnetic resonance (NMR). (46) Domain I of yeast SII extends from the N-terminus to residue 130. (46, 47) Domain II comprises residues 131-240 and is tethered to domain III (amino acids 260-309) through a short, unstructured linker. (4, 46, 47) A functional requirement for domains II and III and the peptide that links them have been defined. Domain I has interesting features, but no biochemical function has yet been ascribed to it.
Domains II and III are the most highly conserved parts of SII. They are sufficient to carry out all of SII's known in vitro and in vivo activities. Using NMR spectroscopy, the structures of isolated domains I, II, and III, and a polypeptide encompassing domains II and III have been determined for yeast SII ( (46, 47) , V. Olmsted and C. Arrowsmith, personal communication). That of domain III has been solved for the human protein. (48, 49) Domain II contains a 3-helix bundle with a short N-terminal strand ( Fig. 1A (46) ). This region is necessary and sufficient for pol II-binding and accounts for virtually all of the affinity of SII for pol II. (42) Mutation of a cluster of solvent accessible lysines and arginines, in human and yeast domain II, reduces polymerase binding, which suggests that a basic patch on SII makes contact with pol II. (42, 47, 50, 51) This is consistent with the salt-sensitivity of the interaction and the identification, by mutation, of acidic residues in the large subunit of pol II that may represent its SII docking site. (22) A linker region of approximately 20 amino acids is located between domains II and III (dashed line in Fig. 1A) . A mixture of isolated domains II and III are inactive in transcription in vitro, suggesting they must be connected to stimulate elongation. (42) The linker is conformationally flexible, as it does not adopt a single defined position in solution. Nevertheless, it is important for the activity of SII in vitro. (47) A number of charged amino acid to alanine substitutions in the linker region yield proteins that bind pol II but are inactive for stimulating cleavage or readthrough. (42) Similar properties were observed for derivatives with a 5-amino acid insertion or deletion in the linker. (42) The picture that emerges is one in which an important specific spatial relationship between domains II and III is achieved upon binding to the elongation complex. (42, 47) Although mammalian pol II and insect SII (and vice versa) can interact, neither yeast and Drosophila, nor yeast and mammalian SII-pol II pairings work together. (20) By creating chimeric mouse/yeast SII proteins, the region that confers species-specific pol II interaction was mapped to a polypeptide that encompasses domain II and the linker for the yeast protein. (20) Refined analysis suggests that the linker itself confers upon SII the ability to cooperate with its cognate polymerase (C. Kane, personal communication).
The zinc ribbon (domain III) is the most conserved part of SII. Three antiparallel β-sheets are stabilized by a tetrad of cysteines that chelate zinc (4, (47) (48) (49) (Fig. 1A) . The structure is unlike the α-helix-containing zinc fingers found in many sequence-specific DNA binding proteins. (48) This domain contains the cryptic nucleic acid binding activity described above. It is indispensable for SII function and is the best candidate for the site of direct contact between SII and RNA in the elongation complex. (4, 5) A flexible loop linking the amino-terminal two β-strands of the zinc ribbon contains critical acidic residues postulated to be involved in catalysis either by acting as general bases, or through the chelation of magnesium, an essential cofactor in the cleavage reaction. (4, 5, 42) Structure of the E. coli GreA protein which, like SII, induces cleavage of RNA in arrested transcription complexes, has also been determined (45) (Fig. 1B) . Despite their high degree of functional similarity, including polymerase-binding, nuclease activation, and stimulation of readthrough, the primary and 3-dimensional structures of SII and GreA are quite dissimilar (Fig. 1A vs.  1B) . (45) (46) (47) (48) (49) GreA has a long, finger-like coil of α-helices at its amino-terminus that is critical for it to activate nascent RNA cleavage and stimulate elongation by E. coli polymerase. (45, 52) A basic patch on the tip of the finger is near residues that crosslink to RNA in an elongation complex. (45) At its carboxy-terminus it has a β-sheet domain that is responsible, together with the N-terminal domain, for polymerase binding. (45, 52) Like SII, optimal function of GreA requires that both domains be physically linked. (52) Domain I is the most mysterious part of SII. Its recently solved structure shows a four βhelix bundle (V. Olmsted and C. Arrowsmith, personal communication). Although it has no known biological or biochemical function, it shares limited homology with the A-subunit of Elongin, and CRSP70, a coactivator for transcription factor SP1. (53, 54) Both SII and Elongin A can bind to a preparation of pol II holoenzyme that contains, amongst other proteins, the general transcription factors TFIIB, TFIID, TFIIE, TFIIF, and TFIIH. (23) Unlike its binding to core pol II, domain I of SII is involved in an interaction with a pol II holoenzyme. (23) The significance of the SII-holoenzyme interaction is unclear, although it has been suggested that pol II-associated SII may participate in the transcription initiation process. (23) Domain I is also the most phylogenetically divergent portion of the protein and the most variable region of the tissue-specific SII isoforms found in a single organism. (55) It is possible that this region is involved in the cellular regulation of SII, as it contains several phosphorylation sites. (56) Since early reports that phosphorylated SII is inactive in stimulating pol II, little has been done on the functional consequence or biological significance of post-translational modifications of SII. (56, 57) Understanding the role of domain I will be an important goal of future work.
Tissue specific isoforms and gene family
The SII gene family SII is phylogenetically ubiquitous. A single gene has been identified in S. pombe, S. cerevisiae, D. melanogaster, and C. elegans through cloning or sequencing projects. (58) (59) (60) (61) Multiple genes have been identified in vertebrate genomes, including amphibian, rodent, and human. (19, (62) (63) (64) (65) (66) (67) The Xenopus, rat, mouse, and human SII genes represent a family whose members show distinct expression patterns across tissues. (55) One form is expressed in essentially all tissues and has been called "general SII"; another is found predominantly in testis and ovary; and transcripts from the third are found predominantly in heart, liver, skeletal muscle, and kidney. (68) (69) (70) These three genes have been named TCEA1, TCEA2, and TCEA3, respectively, by the Human Genome Database and Tcea1, Tcea2, and Tcea3 by the Mouse Genome Database. Mouse Tcea2 has been studied in detail to identify the cell type of expression. Transcripts were found specifically in spermatocytes as well as postmeiotic haploid cells such as round and elongated spermatids. (71, 72) In Xenopus, this form of SII has been shown to be expressed in additional adult tissues by using an isoformspecific and sensitive transcript protection assay. (55) It has been suggested that the high sensitivity afforded by the reverse transcriptase-polymerase chain reaction could reveal a broader, albeit low level, of expression of the tissue restricted forms. (55) The presence of the protein variants will need to be analyzed more thoroughly to better define the cell types of expression. Recombinant versions of all three SII isoforms display activity in vitro with no differences yet identified between isoforms.
SII genomics
A gene for general SII in humans (TCEA1) was mapped to chromosome 3p22 → p21.3. (73) Mouse Tcea2, has been mapped to a segment of chromosome 2 homologous to human chromosome 20q13. (74) Pseudogenes have also been identified in Xenopus and humans. (55, 63) The intron-exon structure has been defined for many of the SII genes. TCEA1, a human general SII gene is intronless. (63) The human testis-specific isoform (TCEA2) is introncontaining. (75) Thus far, all other cloned SII genes contain introns, except that of S. cerevisiae. It is possible that there is an intron-containing general SII gene but, if so, it has yet to be found in the human genome. Curiously, all three isoforms of the Xenopus and mouse genes use rare splicing signals at intron 6 (AT/AC instead of GT/AG at the 5′/3′ intron boundaries) ( (66) ; G. Morgan, personal communication). Other non-canonical splicing and polyadenylation signals are found in the Xenopus gene as well. (66) Nascent RNA processing is physically coupled to transcription elongation through pol II itself. (76) Recent evidence also suggests that, in yeast, the rates of transcript elongation and mRNA precursor processing are coupled in vivo (K. Howe, Ph.D. thesis; K. Howe and M. Ares, personal communication). One attractive but unproven possibility is that this specialty contributes to an autoregulatory mechanism in which SII controls its own expression. When SII is abundant, elongation through the SII gene is efficient and production of its mRNA is reduced due to the inefficient use of the nascent transcript's non-canonical processing signals. (66) Conversely, when there is an SII deficit, elongation through the gene may be delayed and the relatively poorly processed nascent RNA has more time to be acted upon by the processing machinery. Elongation through SII genes, however, has not been studied in vitro or in vivo.
In vivo role of SII
While it is clear that SII can activate nascent RNA cleavage, stimulate elongation, and facilitate removal of misincorporated bases during transcription by pol II in vitro, there is little direct evidence that any of these are the function of SII in vivo. Elongation is notoriously difficult to study in vivo since nascent transcripts are heterogeneous in size and processed rapidly, making them rare, especially against a background of the corresponding mature mRNA. Misincorporation of bases into RNA, or deleterious sequelae therefrom, have also been difficult to document in vivo. Neither intermediates nor products of the nascent RNA cleavage activity have been identified in vivo. Nevertheless, biochemical studies of transcription elongation in mammalian and yeast systems, combined with S. cerevisiae's fully sequenced genome and ease of molecular genetics, have facilitated the in vivo analysis of SII's function in transcription elongation. Progress has also been facilitated through use of a phenotype of yeast elongation factor mutants which is thought to report an elongation defect. This phenotype is sensitivity to the drug 6-azauracil (6AU).
The gene encoding yeast SII (PPR2) was first identified in a screen for genes that regulate pyrimidine biosynthesis because a mutation in it caused sensitivity to 6-azauracil (6AU s ). (59) 6AU is a drug that inhibits enzymes of de novo nucleotide biosynthesis and reduces cellular GTP and UTP levels. (77) The gene was subsequently rediscovered based on identification of an in vitro activity carried out by DNA strand transfer protein α, and called DST1. (78) The Saccharomyces Genome Database has chosen DST1 as the preferred name for the SII gene. This single copy gene is not essential for viability in S. cerevisiae or S. pombe. (60, 79) SII null mutants in both yeasts are 6AU s , however. (60, 79) As a result, 6AU s has been considered a phenotypic marker for mutations in genes thought to represent components of the transcription elongation machinery. SII mutants in yeast are also sensitive to mycophenolic acid (MA), another drug that reduces cellular GTP levels. (77) Addition of guanine to drugcontaining medium rescues the sensitivity to either of these drugs. (77) The basis of these drug sensitivities can be understood in the context of in vitro experiments showing that a reduction in nucleotide substrate concentration causes pol II to elongate slowly, which in turn results in a higher propensity for pol II to become arrested. (24, 25, 31) The 6AU s phenotype is thought to result from in vivo nucleotide-depletion, compromised elongation efficiency, and an increased requirement of mRNA synthesis upon SII. (80, 81) It should be mentioned, however, that not all 6AU s mutations fall within genes encoding transcription elongation machinery. For example, a mutant allele of the transcriptional activator for genes in the pyrimidine biosynthetic pathway, PPR1, was identified through a 6AU s phenotype. (59) Nor is it the case that all mutations in elongation machinery components necessarily confer 6AU s upon cells. The idea that 6AU s is frequently a marker for altered elongation properties, however, is supported by the finding that mutations in pol II subunit genes also confer 6AU s upon yeast. These observations can be explained at the molecular level for two types of mutations in pol II. A 6AU s mutation in the largest subunit (RPB1) results in a 50fold reduction in the affinity of SII for pol II in vitro. (22) A 6AU s point mutation in a region of the second largest subunit (RPB2) thought to reside near the pol II catalytic pocket, reduces the average elongation rate of pol II. This in turn makes the enzyme arrest-prone in vitro and in vivo. (82) Consistent with this idea, the former mutations are suppressed by overexpression of SII whereas the latter are not, since raising the SII concentration through overexpression in the RPB1 mutant would be expected to drive an otherwise weak SII-pol II association. (80, 81) In the cells bearing the "slow" polymerase mutation, the defect is an intrinsic property of the enzyme and SII is not limiting, hence higher levels of SII, whether pol II-bound or free are ineffectual.
Recently, a number of yeast genes and proteins and their human homologues, have been identified as elongation factors. These include the SPT4, SPT5, and SPT6 genes that were previously implicated in chromatin and transcription. (83) Genetic and biochemical evidence implicate these genes in transcription elongation. An spt4 null mutation and some mutant alleles of the essential SPT5 and SPT6 genes, confer 6AU s upon S. cerevisiae. (84) Combining mutations in SPT4, SPT5, or SPT6 with a deletion of DST1 results in conditional synthetic lethality, suggesting that when the Spt4/5/6 machinery is made defective by mutation, SII function is required. (84) The large subunit of FACT, a protein complex that stimulates elongation on chromatin templates in vitro, is related to the yeast SPT16 gene which shares mutant phenotypes with SPT4, SPT5, and SPT6. (83, 85, 86) This suggests that a complicated kinetic coupling of elongation rate and chromatin modification exists and that under some circumstances slow elongation may be protective.
A complex called Elongator, which is associated with the elongating form of pol II, has also been identified in yeast. (87) Ablation of two genes that encode subunits of Elongator, ELP1, and ELP3, is neither lethal nor 6AU-sensitizing. Double mutants with a deletion of DST1 and a deletion of either ELP1 or ELP3, however, display a 6AU s phenotype that is stronger than that of a DST1 single mutant. (87, 88) In a similar set of experiments, mutant alleles of SPT16 which do not confer 6AU s , were found to suppress the 6AU s phenotype of an DST1 and SPT4 deletion mutations. (86) The authors suggest that impaired elongation in SPT16 mutants reduces the frequency of arrest and the reliance of transcription upon SII or Spt4.
A recent study has enlarged our appreciation of the spectrum of in vivo elongation defects that can be assayed by 6AU s . (81) In this work, a disruption of DST1 was combined with the aforementioned RPB2 mutation (rpb2-10) that generates a hyper-arresting polymerase in vitro. (81) Cells with either mutation show a moderately reduced (twofold) growth rate in the presence of 6AU. Yeast that contain both mutations show a synergistic 6AU super-sensitive phenotype manifested by a severe reduction in doubling time (34-fold) . This allele-specific interaction suggests that when SII is available, the crippled polymerases in rpb2-10 cells employ it to improve elongation, consistent with the ability of this hyper-arresting enzyme to use SII for readthrough in vitro. (82) Depriving the hyper-arresting enzyme of SII adds an insult to the elongation machinery and synergistically impacts growth rate. The effects of the combined mutations upon growth rate correlates with effects on transcript levels. These double mutant yeast have about one-half the normal amount of poly(A) + RNA which is severely depressed upon 6AU treatment. (81) These data suggest that SII acts generally for optimal mRNA synthesis and provides evidence in eukaryotes that mRNA levels can be altered by a transcription elongation-targeting drug. (81) Combining any two 6AU s mutations does not necessarily result in a synthetic drug sensitivity. When a 6AU s mutation in RPB1 that compromises SII-binding is combined with a disruption of SII, the resulting sensitivity is comparable to either alone. (80, 81) This is to be expected since a reduction in SII-binding by pol II should be inconsequential in the absence of SII. Although the 6AU s phenotype has become popular, and virtually synonymous with an elongation defect, a more complete molecular understanding of the set of genes, physiological conditions, and identity of the elongation factors involved, will be needed to confirm models derived from genetic experiments.
It is interesting to note that SII, which can be thought to function through the pol II catalytic site via nascent RNA cleavage, has a genetic, biochemical, or structural relationship with three proteins of the transcription machinery that, when mutated, alter the transcription start site in vivo. These are TFIIB, Rpb1, and Rpb9 and the implication is that they participate in setting the register of the template "reading head" of pol II. (89) (90) (91) Recently, a synthetic lethal screen was carried out in yeast deleted for DST1 in order to identify which genes, when mutated, make SII required for cell viability (J. Davie and C. Kane, personal communication). The resulting genes were sorted into nine complementation groups, one of which is SNF2, the catalytic subunit of the Swi/Snf chromatin remodeling complex.
Mutations in genes encoding other subunits of the Swi/Snf complex also display synthetic lethality with a DST1 deletion (J. Davie and C. Kane, personal communication). These findings, the work on SPT4, SPT5, SPT6, and SPT16, and the recent finding that ELP3 is a histone acetyltransferase, (88) represent a growing body of evidence that part of SII's function in vivo is involved with chromatin remodeling.
These recently described genetic interactions between yeast elongation factors and pol II subunits are shown schematically in Figure 2 .
Conclusion
Biochemical analysis has revealed a fascinating activity of SII, activation of nascent RNA cleavage, that enables pol II to be reactivated from transcriptional arrest and proofread its transcripts. High resolution structure of SII has elucidated an interesting structural motif, the zinc ribbon, which is found in a growing class of proteins that interact with nucleic acids. As for other elongation factors defined through biochemical assays in vitro, the biological role of SII in gene regulation is a pressing question. Molecular genetic work in yeast supports the role of SII as a general transcription factor in vivo. Identifying the DNA sequences or other characteristics that make certain genes more or less dependent upon SII, will be important in determining its overall role in transcription and how its activity is integrated with other elongation factors that target pol II. Recent and continued advances in SII comparative genomics will be important in understanding SII function in metazoans and particularly in mammals. The existence of this gene family prompts two key questions: 1) Are SII isoforms functionally distinct? and 2) Does derangement of SII in humans and other vertebrates result in dysfunction or disease? Summary of a network of genetic interactions (arrows) between the SII gene DST1 (triangle), and genes encoding RNA polymerase II subunits (rectangles), chromatin related proteins (circles and ellipse), and subunits of the Elongator complex (squares).
